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ABSTRACT

Optically accessible, high pressure, hot fire test articles are available at NASA Marshall for use

in development of advanced rocket engine propellant injectors. Single laser-pulse UV Raman

spectroscopy has been used, in the past, in these devices for analysis of high pressure H_,- and

CH4-fueled combustion, but relies on an independent pressure measurement in order to provide

temperature information. A variation of UV Raman (High Resolution Hydrogen Raman

Spectroscopy) is under development and will allow temperature measurement without the need

for an independent pressure measurement, useful for flows where local pressure may not be

accurately known. The technique involves the use of a spectrometer with good spectral

resolution, requiring a small entrance slit for the spectrometer. The H2 Raman spectrum, when

created by a narrow linewidth laser source and obtained from a good spectral resolution

spectrograph, has a spectral shape related to temperature. By best-fit matching an experimental

spectrum to theoretical spectra at various temperatures, a temperature measurement is obtained.

The spectral model accounts for coilisional narrowing, collisional broadening, Doppler

broadening, and collisional line shifting of each Raman line making up the H2 Stokes vibrational

Q-branch spectrum. At pressures from atmospheric up to those associated with advanced

preburner components (5500 psia), collisional broadening though present does not cause

significant overlap of the Raman lines, allowing high resolution H2 Raman to be used for

temperature measurements in plumes and in high pressure test articles. Experimental

demonstrations of the technique are performed for rich H2-air flames at atmospheric pressure and

for high pressure, 300 K H2-He mixtures. Spectrometer imaging quality is identified as being

critical tbr successful implementation of technique.

INTRODUCTION

Laser-based combustion diagnostics, such as single-pulse UV Raman spectroscopy (Wehrmeyer

et al. 2001) and visible Raman spectroscopy (Yeralan et al. 2001), have been successfully

applied to optically-accessible rocket-like test articles. If an independent pressure measurement

is available, Raman major species concentration measurements can also provide a temperature



measurement.However it is desirableto obtain a Raman-derivedtemperaturemeasurement
without theneedfor simultaneouspressuremeasurement,especiallywhenchamberpressuremay
vary spatially. This reportdescribesRamantemperaturemeasurementsobtainedby exploiting
the variation in shapeof the He Raman spectrum. Hydrogen is advantageoussince it is
ubiquitous in H2-O2systemsand its Ramanspectrum is simpler than for other diatomics.
However the influenceof high pressureon the H2Ramanspectrummust be investigated. At
moderatepressures,well below thoseof rocketengines,the Ramanspectraof 02 and N2are
knownto becomefeaturelessdueto collisional broadening(Eckbreth1988).

THEORETICAL H2 RAMAN SPECTRA: WAVELENGTH, LINE STRENGTH, AND

LINEWIDTH

Hydrogen is a centrifugally-stretched rotor with rotational energy, E,-, given by (Eckbreth 1988):

E, = hc[BJ(J + 1) - Dj2(j + 1)-_+...] (1)

where/1 is Planck's constant (6.6 x 10 -34 joule-sec), c is speed of light (3 x 10 m cm/sec), B is the

rotational term value, in cm-_(wavenumbers), D is a centrifugal stretch correction term value, and

J is rotational quantum number (0, 1, etc.) Assuming H2 is also an anharmonic oscillator, its

vibrational energy can be modeled as a function of vibrational quantum number, v (0, 1, etc.), by:

E = lu:[co.(v+')-_o,,.v,,(v+4) -_+..3 (2)

where w,, is the fundamental vibrational term value and x,, is an anharmonicity correction factor.

Both B and D are functions of v through vibration-rotation interaction and are given v subscripts:

B, =B-a (v+4-)+... D =D,+fl,.(v++)+... (3,4)

where B,,, D,,, o_,,, and/3,, are constants. Values are in Jennings et al. (1985) and Weber (1973).

Spontaneous Raman scattering is the inelastic scattering of light by a rnolecule. For Stokes

vibrational Q-branch Raman transitions, the molecular internal energy change obeys Av = +1, &/

= 0. The increase in the scattering molecule's final energy, E'from its initial energy, E", is:

E'- E" = he[o),. - 2o2 x,, (v" + 1)-_J(J + 1)- fl, je(j + 1)2 + ...] (5)

where v" is v for the initial energy state. Equation 5 gives the energy lost by the interacting

photons, and since their wavelengths are related to their energies, the wavelength of the Raman

scattered light, ).k, will depend upon the incident photon's wavelength, 24, and v" and J through:

;t_ {,a., '= -[(o.-203x(v"+l)-a J(J+l)-fl, J:(J+l):+...]} t (6)



Since co,, >> (o,.x,. >> o_,.>> [3,,, co,,approximately determines the _R's; next in importance is co,,x,,,

which groups together Raman lines according to v": and within each v" group the J value

determines a line's exact Xe. Actually, E"-E"also depends upon temperature, T, and density,/3,

through vibrational perturbations, which can either reduce or increase ECE " through the relative

importance of short-range repulsive forces compared to long-range attractive forces (May el al.

1964). A correction term, AE/hc, can be added to Eq. 6 for the p-, T-, J-, and collision partner-

dependent shift of._k • Values for AE/hc are available for He in H2 (May et al. 1964), H2 in H2,

Ar, He, N2, or CH4 (Lallemand and Simova 1968), and H2 in N2 (Sinclair et al. 1996).

Each Raman line's intensity is related to its v'; J level population and its transition probability

(cross section). Calculated cross sections, c5,."_-o,.Lfor H2's v"-0, J=0 to J=3 levels are available

(Ford and Browne 1973) and higher vibrational level cross sections scale as (v%l) (Placzek

1932). Assuming a Boltzmann distribution, each Raman line's intensity, IR, is related to Tby:

E,_,

o,: o-,=o _(v"+ I)Q-lg"(2J + l)exp(- /,,.;"/_'T)le (7)

where Q is the T-dependent ro-vib-nuc partition function, k is Boltzmann's constant ( 1.38 x 10 -23

joule/K), and g" is relative degeneracy for ro-nuclear spin coupling (for He: 1 odd J, 3 even J).

Figures 1 and 2 show Stokes vibrational Q-branch Raman spectra (for 248.623 nm excitation) at

two T's, 700 K and 3400 K, and use the lineshift data of Sinclair et al. (1996) for H, diluted in

N> At 700 K only the first seven rotational levels for v"--0 are significantly populated. At 3400

K more rotational levels in the ground and excited vibrational states become populated due to the

T dependence of the Boltzmann fraction factor in Eq. 7.

A Raman line's width, F (in cml), is not zero, as in Figs. 1 and 2, but is finite and depends upon

molecular velocities and collisions, hence is a function of 7", p, collision partner, and collection

geometry. At low p a Doppler-broadened gaussian lineshape occurs with a linewidth, FI),,,

dependent upon angle, 0, between incident and scattered photon directions (Weber 1973):

= sin - % +-. 4 ,a.,i-' + 27) hc E" - E' )2 ] 7.hc (8)

where m is the molecular mass. Thus FD,, is a minimum for forward scattering (0=-0 °) and a

maximum for backward scattering (0=-180 °) and intermediate for 0=-90 o

Because of the Uncertainty Principle, a Doppler shifted photon gives velocity information for a

molecule that is averaged across a distance it travels, given by 2_/2tc (Murray and Javan 1972).

For increasing number of velocity changing collisions experienced through this travel length, the

molecule's average velocity and Doppler shift will approach zero. This Dicke (or collisional)

narrowing and can be thought of as a viscous drag, exerted on the scattered photon, that increases

with ,o. If the mean free path < 2t_/2rc, a Dicke-narrowed linewidth (Fl)i,_) can be modeled as:



(9)

where Do, in cm2/(sec amagat), is an "optical" diffusion coefficient = !. 13 x molecular diffusion

coefficient (Rahn et al. 1991; Bergmann and Stricker 1995). One amagat = p at 1 atm, 273 K.

For large P collisional broadening occurs due to collisions that terminate, rather than perturb, the

scattering process. The resulting finite-lived wavetrain has a frequency, or wavenumber, spread

inversely proportional to its duration. The collisionally-broadened linewidth can be modeled as:

= vv°n (10)

where fj is a broadening coefficient dependent on J, collision partner, and T, and fj has been

modeled by Hussong et al. (2000) for H2-H2 and H2-N2 collisions. Thus F is composed of a

combination of three terms, each term dominating within a P range: F = Fl_,,l,t, at low p, F = Ft_i,l,.,,

at medium p, and F = 1-'c,,,. m,,,,,I at high p. Figure 3 shows the first two rotational lines of the H2

Stokes vibrational Q-branch spectrum at 300 K, for dilute He in N__. At 1 atm (0.911 amagat) and

10 arm (9.14 amagat) Dicke narrowing dominates, with F less at 10 atm than 1 atm. At 100 arm

(91.9 amagat from Redlich-Kwong data) collisional broadening dominates, but the lines are fully

resolved and remain so even at 370 atm, a pressure expected in advanced preburners.

EXPERIMENTAL RAMAN SPECTRUM

Using the experimental system, shown in Fig. 4, of Wehrmeyer et al. (2001), a demonstration of

high resolution H2 Raman spectroscopy is performed in an atmospheric pressure H2-air flame. A

tunable krypton-fluoride excimer laser with a laser linewidth, A,;LL, of 0.003 rim, is used along

with an 0.3 m imaging spectrograph with an imaging resolution, AXs, of 0.2 rim. Both AXs and

AA_, cause the measured linewidth of each Raman line, A,;tk, to be greater than F/Ak 2, (the

"natural" linewidth expressed in wavelength units rather than wavenumbers). Assuming

gaussian lineshapes, AXs and A,_,I. can be convoluted together to form a gaussian "instrumental"

lineshape with a FWHM of (A,_s 2 + AAL2) I/2. In addition the 100 lure spectrograph slit also

broadens the instrumental linewidth through its further convolution with a rectangular lineshape

of 0.07 rim, from the 0. l mm slit width x 0.7 nm/mm dispersion (for a 3600 groove/ram grating).

Figure 5 shows Raman spectra for five atmospheric pressure H2-air flames at varying

equivalence ratio, 0. As 0 decreases, T increases which lowers p (reducing the overall Raman

signal strength) but also increases the population fractions of the higher rotational and vibrational

levels ("spreading out" the H2 and H20 Raman signals). Figure 6 shows the H2 Raman signal for

the 0 = 1.6 flame compared to theoretical Raman spectra at three T values. A manual best fit

gives 2400 K, compared to an expected adiabatic T (7",,,i) of 2220 K. Measured T's for all flames

are high compared to T,,js: 0=-2.0, T=2350K, T,,j=2060: 0=-2.9, T=2200K, T,,,t=1780: and 0=4.0,

T=1900K, T,,j=1560. This could be due the noninclusion of the the O and S rotational wings

around the Q-branch or a systematic error in 0 measurement.



CONCLUSIONS AND FUTURE WORK

Using the collisional broadening data of Hussong et al. (2000) the H2 Stokes Rarnan Q-branch is

modeled and shows no significant overlap of individual to-vibrational lines, even up to 370 atm

(from 300 to 3400 K). Thus a Raman temperature measurement based on spectral shape can be

implemented even in high pressure advanced preburners. Atmospheric pressure H2-air flames

show systematic errors in temperature measurement of-300 K. Better spectrograph resolution

would clarify the error source. A high resolution 0.5 m spectrograph is available for future work.
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Fig. 1. H2 Stokes vibrational Q-branch Raman spectrum for 700 K, assuming zero natural

linewidth. 248.623 nm monochromatic laser.
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Fig. 2. H2 Stokes vibrational Q-branch Raman spectrum for 3400 K, assuming zero natural

linewidth. 248.623 nm monochromatic laser.
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compared to theoretical spectra modeled with 0.2 nm spectrometer resolution.


